ABSTRACT: Metal nanoparticles have been used for coloring glass since antiquity. readily controlled by the choice of film thickness and materials. The small size of the particles results in a mild dependence on 18 incidence illumination angle, whereas their high anisotropy gives rise to strong dichroism. We also show color tuning through 19 interference by simply adding an ultrathin metal film at a designated distance from the dewetted particle array. Our 20 measurements are quantitatively well explained through analytical theory, which enables fast optimization of fabrication 21 parameters. Good agreement between theory and experiment requires incorporating the effect of plasmon peak broadening 22 caused by the finite size distribution of the particle. The proposed designs and techniques hold great potential for large-scale 23 production of colored and dichroic glass with application to optical windows, filters, and displays. Color tuning through particle size and shape. Top: Geometry and parameters of a silver ultrathin metal film (UTMF) of thickness t, along with nanocaps of various shapes and sizes (base diameter D and contact angle β), produced upon dewetting of the film. The metal is embedded in silica. We assume the nanocaps to be distributed in a triangular lattice with spacing 8t and total metal volume equal to that of the homogeneous UTMF in all cases. Bottom: Calculated normal-incidence reflection spectra for particles of varying shape (horizontal direction) and size (vertical). Each curve is given the RGB color extracted from the spectrum that it represents. Figure 1 , which shows simulated reflection 86 spectra of uniform and dewetted silver UTMFs embedded in 87 silica for typical geometrical parameters similar to those of the 88 actual samples (see below). When the UTMF thickness is 89 increased in the t = 3−10 nm range, the reflectance gradually 90 grows at long wavelengths. This effect has a minor influence on 91 reflection structural colors, which are mostly faded red (see 92 Figure 1 , in which different curves are given the RGB color 93 computed from the spectra that they represent; see Materials 94 and Methods for more details Figure S1 in the Supporting 118 Information (SI) for calculations of the transmittance as a 119 function of light wavelength and incidence angle, indicating that 120 LSPR-based coloring is robust against changes of incidence 121 angle). In contrast to previous work, which focused on 122 changing particle size (diameter), our proposed tuning scheme, 123 relying on changing the contact angle, is much wider. 124 Additionally, previous work has also shown that periodic 125 structures can be used to achieve structural coloring, tuning the 126 plasmonic response by changing the period. 
Colors are produced by light scattering and absorption associated with plasmon 11 resonances of the particles. Recently, dewetting at high temperature has been 12 demonstrated as a straightforward high-yield/low-cost technique for nanopatterning 13 thin metal films into planar arrays of spherical nanocaps. Here, we show that by simply 14 tuning the contact angle of the metal dewetted nanocaps one can achieve narrow 15 resonances and large tunability compared with traditional approaches such as changing 16 particle size. A vast range of colors is obtained, covering the whole visible spectrum and 17 readily controlled by the choice of film thickness and materials. The small size of the particles results in a mild dependence on 18 incidence illumination angle, whereas their high anisotropy gives rise to strong dichroism. We also show color tuning through 19 interference by simply adding an ultrathin metal film at a designated distance from the dewetted particle array. Our 20 measurements are quantitatively well explained through analytical theory, which enables fast optimization of fabrication 21 parameters. Good agreement between theory and experiment requires incorporating the effect of plasmon peak broadening 22 caused by the finite size distribution of the particle. The proposed designs and techniques hold great potential for large-scale 23 production of colored and dichroic glass with application to optical windows, filters, and displays.
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KEYWORDS: structural colors, dewetting, plasmonics, glass coloring 25 E arly evidence of dichroic colored glass can be found as 26 soon as fourth century Rome: the celebrated Lycurgus 27 Cup, 1 whose color changes between red and green depending 28 on the illumination angle. We had to wait until recent times to 29 understand that coloring was produced by dispersed silver 30 nanoparticles, whose localized surface plasmon resonances 31 (LSPRs) affect very differently the light spectra in either 32 reflection or transmission. Based on this effect and on the 33 dependence of LSPRs on particle size, shape, and composition, 34 various strategies have been explored for structural color- 35 ing, 2−12 including LSPR hybridization in metal nanodisks and 36 nanoholes. Modern dichroic colored glass is however based on thin-film 38 interference, which is widely used in a variety of commercial 39 Color tuning through particle size and shape. Top: Geometry and parameters of a silver ultrathin metal film (UTMF) of thickness t, along with nanocaps of various shapes and sizes (base diameter D and contact angle β), produced upon dewetting of the film. The metal is embedded in silica. We assume the nanocaps to be distributed in a triangular lattice with spacing 8t and total metal volume equal to that of the homogeneous UTMF in all cases. Bottom: Calculated normal-incidence reflection spectra for particles of varying shape (horizontal direction) and size (vertical). Each curve is given the RGB color extracted from the spectrum that it represents. Figure 1 are calculated for triangular lattices of spacing 8t, with 110 nanocap size determined by the condition that the metal 111 volume is maintained as in the initial film of thickness t, which 112 results in the values of the base diameter D indicated by labels. 113 Reflection spectra for spheres are also provided as a reference. 114 Incidentally, we observe similar trends when examining arrays 115 of particles with fixed base diameter but varying contact angle, 116 in which the spacing is adjusted in order to maintain total metal 117 volume as a constant (see Figure S1 in the Supporting 118 Information (SI) for calculations of the transmittance as a 119 function of light wavelength and incidence angle, indicating that 120 LSPR-based coloring is robust against changes of incidence 121 angle). In contrast to previous work, which focused on 122 changing particle size (diameter), our proposed tuning scheme, 123 relying on changing the contact angle, is much wider. 124 Additionally, previous work has also shown that periodic 125 structures can be used to achieve structural coloring, tuning the 126 plasmonic response by changing the period. Figure 2a −c. The contact angle is estimated from the height and base diameter assuming spherical nanocap profiles.
When the particle size increases, retardation effects become 211 important, leading to plasmon red-shifting and broadening. 212 Both of these effects can be easily accounted for in a modified 213 analytical polarizability that we present in Materials and 214 Methods. The results are in excellent agreement with 215 electromagnetic BEM simulations, as illustrated in Figure 3d 216 for nanocaps of shape and sizes similar to those involved in the 217 measured samples of Figure 2 . Additionally, the dominant 218 plasmon feature in the spectra is expected to blue-shift with Figure 4c . We note that both in the spectra and 276 results can be readily extrapolated to other spectral regimes 277 through a choice of appropriate materials (e.g., aluminum for 278 the UV).
■ MATERIALS AND METHODS

280
Ultrathin Metal Film Deposition and Dewetting. Silver 281 ultrathin films are deposited on the silica substrate using a 282 magnetron sputtering system (ATC Orion 8, AJA International, 283 Inc. or KDF 903i). The coated substrates are then subjected to 284 rapid thermal annealing in a Tsunami RTP-600S at a 285 temperature of 750°C for about 90 s under a nitrogen flow 286 of 1 atm. In this way the ultrathin silver films are dewetted into 287 nanocaps. The PMMA overlayer is deposited through spin-288 coating.
289
Sample Characterization. Optical transmittance and 290 reflectance are measured using a UV−vis−NIR spectropho-291 tometer (PerkinElmer Lambda 950). The morphology of the 292 nanocaps is examined with a field-emission scanning electron 293 microscope (FEG-SEM, Inspect F, FEI Systems).
294
Simulation of Individual Nanocaps. The optical 295 response of individual nanocaps is simulated using BEM.
25
296 The metal dielectric function is taken from tabulated data, 26 297 whereas a homogeneous surrounding medium is assumed with 298 constant permittivity ϵ s = 2.13 similar to that of silica and 299 PMMA in the spectral region under investigation. The particle 300 geometry is determined by its base diameter D and contact 301 angle with the substrate β, while the edges are smoothed with a 302 rounded radius of 0.5 nm. These simulations yield the particle 303 extinction cross-section and its scattering matrix used to 304 simulate arrays.
305
Average Polarizability of Nanocaps in the Actual 306 Samples. For a given sample, the contact angle is roughly 307 constant, and in particular, it takes the value β = 120°for silver 308 on silica. However, the particle size has a finite size distribution, 309 which we describe through a Gaussian,
310 as a function of the base diameter D, centered around its 311 average ̅ D with standard deviation σ. These parameters ( ̅ D and 312 σ) depend on the initial UTMF thickness, as shown in Table 1 . 313 We then describe the particles through their average polar-314 izability:
315 where f ∥,⊥ (ω,D) is the far-field amplitude of individual 316 nanocaps for transversal (⊥) and axial (∥) incident field 317 polarization, calculated with BEM as noted above.
318
Analytical Model for Individual Nanocaps. We 319 elaborate an analytical model based upon the dipolar response 320 of the particles, supplemented to incorporate retardation 321 effects, which are important for large sizes, although the 322 particle diameters under consideration are still small compared 323 with the wavelength, so that the dipolar response becomes 324 dominant. In the electrostatic limit, the particle polarizability 325 can be written as where k = ω/c; and (2) plasmon red-shifts, which we 335 phenomenologically describe through the substitution
where ξ is a scaling factor. Finally, we compare the extinction 
in terms of the momentum representation of the dipole−dipole 362 i n t e r a c t i o n c o m p o n e n t s 
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